ABSTRACT Large-scale adoption of transgenic crops that produce Bacillus thuringiensis (Bt) toxins could greatly reduce populations of target pests and their specialist parasitoids. We used a spatially explicit model of host-parasitoid population dynamics to examine effects of Bt crops on parasitoid persistence. We modeled a 9,000-ha region with 900 Þelds of 10 ha, each planted with either a Bt crop or a non-Bt crop refuge. In the 13,524 simulations we conducted, the pest (i.e., host) was never lost from the region before the parasitoid. The parasitoid was lost from the region in 36% of the simulations. The host was lost after the parasitoid in 12% of all simulations. The probability of regional parasitoid loss increased as the percentage of Bt Þelds and rotation of Þeld types (Bt and non-Bt) increased and as host reproductive rate and parasitoid attack rate decreased. Regional parasitoid loss also increased as the insecticide spray threshold for target pests in non-Bt Þelds decreased and as parasitoid susceptibility to insecticide increased. With Þeld types Þxed, regional parasitoid loss increased as parasitoid movement increased. However, with Þeld types rotated, parasitoid movement did not inßuence regional parasitoid loss. Host movement did not inßuence regional parasitoid loss. Factors not modeled that would reduce risk of regional parasitoid loss include use of alternate hosts by the parasitoid, use of alternate host plants by the target pest, and evolution of resistance to the Bt crop by the pest. The results suggest that risk of regional parasitoid loss can be assessed from the parasitoid life history traits and reduced by increasing the percentage of refuge Þelds, Þxing refuge locations, and increasing the insecticide spray threshold for target pests in refuges.
duce Bacillus thuringiensis (Bt) toxins is increasing worldwide (Lawrence 2005) . Concerns about Bt crops include potential negative effects on nontarget arthropods (Schuler et al. 1999a , Obrycki et al. 2001 , Tabashnik et al. 2001 , Groot and Dicke 2002 , Conner et al. 2003 , Carriè re et al. 2004 ). The results of many laboratory and Þeld studies suggest that Bt crops have little effect on most nontarget arthropods (Zwahlen et al. 2000 , Dutton et al. 2002 , Al-Deeb and Wilde 2003 , Jasinski et al. 2003 , Men et al. 2003 . However, high adoption of Bt crops can cause regional suppression of target pests (Carriè re et al. 2003) , which might cause regional loss of parasitoids that specialize on target pests. Specialist parasitoids may be at greater risk for loss than target pests because they can only reproduce in Þelds where hosts are present and are often highly susceptible to sprays that are applied to control target pests in non-Bt Þelds. Loss of specialist parasitoids could result in higher pest densities in non-Bt Þelds.
Considerable research has addressed compatibility of Bt crops and natural enemies for biological control (Gould et al. 1991 , Johnson and Gould 1992 , Johnson 1997 , Schuler et al. 1999b ) and how consumption of Bt-intoxicated hosts affects parasitoid Þtness (Chilcutt and Tabashnik 1997a , b, Bernal et al. 2002 , Baur and Boethel 2003 , Schuler et al. 2004 , Prü tz and Dettner 2004 . Nonetheless, rigorous Þeld measurements of parasitoid abundance in large-scale Bt cropping systems have not been reported. Furthermore, the potential for large-scale planting of Bt crops to cause loss of specialist parasitoids has received little attention.
We investigated the possibility that specialist parasitoids could be lost from crop-growing regions. We used a spatially explicit host-parasitoid population dynamics model of a region with 900 Þelds of 10 ha, each planted to a Bt crop or a non-Bt crop. We used this simple, general model to address effects on regional parasitoid loss of percentage of Bt Þelds, Þxed versus rotated Þeld types (Bt and non-Bt Þelds), parasitoid attack rate, host reproductive rate, parasitoid and host movement, insecticide spray threshold for target pests in non-Bt Þelds, and parasitoid susceptibility to an insecticide.
Materials and Methods
Host-Parasitoid Population Dynamics and Movement. The model was written in Cϩϩ using CodeWarrior (Metrowerks, Austin, TX). We modeled a square region of 9,000 ha with 900 Þelds (30 by 30) of 10 ha each with a format based on Hassell et al. (1991) and Sisterson and Averill (2004) . The host was an herbivorous insect pest targeted by a Bt crop. The parasitoid specialized exclusively on the host. The host and parasitoid had discrete, synchronous generations. The population dynamics in each Þeld were independent and governed by the Nicholson-Bailey equations:
where N t is the density of hosts in a Þeld in generation t and P t is the density of parasitoids in a Þeld in generation t. The density of hosts in the next generation (N t ϩ 1 ) was a function of the number of hosts in the current generation (N t ), the proportion that survived parasitism (e ϪaPt ), and the hostÕs reproductive rate (r). The proportion of hosts that survived parasitism was determined by the zero term of the Poisson distribution using aP as the constant. The density of parasitoids in the next generation was determined by multiplying the proportion of parasitized hosts (1 Ϫ e ϪaP t ) by the density of hosts in the current generation (N t ).
After reproduction, a Þxed proportion of hosts and parasitoids moved between Þelds. The proportion moving and the distance moved was determined by a bivariate normal distribution with a mean of zero and SD that described movement potential. For movement rates, we report the percentage of hosts or parasitoids that emigrated from their natal Þeld. As the percentage of hosts and parasitoids leaving their natal Þeld increased, so did the distance (i.e., number of Þelds) they moved. For example, at the lowest movement rate, 98% stayed in their natal Þeld and 2% moved a distance of one Þeld. At the highest movement rate, 12% stayed in their natal Þeld, 56% moved one Þeld, 28% moved two Þelds, and 4% moved three Þelds. Insects that moved out of the region were lost from the system.
Regional Loss of the Host or Parasitoid. Typical equilibrium population sizes for the Nicholson-Bailey equations are no more than 300 (Hassell 1978) , which are too small for 10-ha Þelds. Consequently, we used the Nicholson-Bailey equations to calculate the mean density of parasitoids per 10 m 2 in each 10-ha Þeld. Thus, the abundance of hosts and parasitoids in each Þeld was 10,000 times (1,000 10-m 2 units per ha ϫ 10 ha ϭ 10,000) the value determined by the NicholsonBailey equations for 10 m 2 . Thus, the parasitoid (or host) was deemed lost from a Þeld when its population size calculated by the Nicholson-Bailey equations fell below 10 Ϫ4 individuals per 10 m 2 , which equated to Ͻ1 individual per Þeld (10,000 ϫ 10 Ϫ4 ϭ 1). Results from additional simulations (data not shown) in which the values of the Nicholson-Bailey equations were not multiplied by 10,000 or were multiplied by Ͼ10,000
were qualitatively similar to those presented here. Regional loss occurred when the host or parasitoid was lost from all 900 Þelds in the 9,000-ha region. We use the term "regional loss" rather than "extinction" because our results apply only to the 9,000-ha region simulated.
Colonization and Equilibration. Before Bt Þelds were introduced, each run of the model started with seeding, regional colonization (250 generations), and equilibration (up to 500 generations). To begin each simulation, we seeded a single Þeld with 500,000 hosts and 200,000 parasitoids (x,y coordinates ϭ 3,29). Tests of different seeding methods showed only minor differences in simulation outcomes. After seeding, the region was colonized with hosts and parasitoids for 250 generations with r ϭ 2, a ϭ 0.10, 5% of hosts and parasitoids leaving their natal Þelds, and no insecticide treatments.
After 250 generations of colonization, biological parameters (r, a, and percentage of hosts and parasitoids leaving their natal Þeld) and insecticide use parameters (spray threshold, and percentage of hosts and parasitoids killed by insecticide) were drawn randomly from even distributions (Table 1) . Insecticide was applied when host density exceeded the spray threshold. Host mortality caused by insecticide ranged from 90 to 100%. For each simulation there was a 50% chance that the parasitoid was not affected by insecticide. If the parasitoid was affected by insecticide, parasitoid mortality caused by insecticide ranged from 90 to 100%.
In each simulation, the model was run for up to 500 generations with the randomly drawn parameters to allow equilibration. In Ϸ20% of runs, regional loss of the host or parasitoid occurred during this phase and the run was stopped without analyzing Bt crop effects. In the other 80% of runs, 500 generations of equilibration were completed and effects of Bt Þelds were analyzed. Effects of Bt Fields. In each run in which the host and parasitoid persisted throughout the 500 generations of the equilibration phase (described above), effects of Bt Þelds were analyzed as follows. Each Þeld was randomly designated as a Bt Þeld or a non-Bt Þeld. We tested two assumptions about the temporal distribution of Bt and non-Bt Þelds. Field types were Þxed for an entire simulation (Þxed) or randomly reassigned every one to Þve generations (rotated).
Survival of hosts and parasitoids in Bt Þelds was zero. Parasitoids attacked only one species of host (the target pest) and lived in the host when the host was subject to mortality caused by Bt toxin. Thus, parasitoid Þtness in Bt Þelds was zero because they either could not Þnd hosts or their offspring died as immatures when the hosts were killed by Bt toxin. In non-Bt Þelds, insecticide treatments were modeled as in the equilibration phase (described above).
For each of 12 combinations of percentage of Bt Þelds (0, 50, 60 70, 80, or 90%) and temporal Þeld distribution (Þxed or rotated), we conducted Ϸ1,200 simulations, each of which used the set of parameters (Table 1) that had been randomly drawn and used for the equilibration phase, as described above.
Each run was continued for 200 generations after Bt Þelds were introduced. If regional loss of the host or parasitoid occurred during these 200 generations, the generation when regional loss occurred was recorded. We summarized results using the percentage of simulations with regional loss of the host or parasitoid for each combination of percentage of Bt Þelds and temporal Þeld distribution (e.g., 90% Þxed Bt Þelds). We differentiated between simulations in which regional parasitoid loss was followed by regional host loss (parasitoid loss followed by host loss) and simulations in which the host persisted and regional parasitoid loss occurred (parasitoid loss only). Results were also summarized as the generation during which regional loss occurred, excluding runs in which regional loss did not occur.
To determine if a parameter signiÞcantly inßuenced the outcome of a simulation, we compared the percentage of simulations in which the host persisted and regional parasitoid loss occurred (parasitoid loss only) for different values of each parameter to the percentage for all simulations conducted with that combination of percentage Bt Þelds and Þeld temporal distribution using a z-test on two proportions (Ramsey and Schafer 2002) . We focused on simulations in which the host persisted and regional parasitoid loss occurred because loss of the parasitoid is expected when the host is lost but not when the host persists.
Results
Sample Simulation. To show the modelÕs dynamics, we report results from a sample simulation (Figs. 1 and 2). We ran the model with no Bt Þelds for 250 gen- The model was run under a randomly drawn set of parameters for 500 generations to allow populations to reach equilibrium (only the last 50 generations of this period are shown, generations followed by a). The parameters for this simulation were host reproductive rate ϭ 9.42, parasitoid attack rate ϭ 0.43, hosts leaving their natal Þeld ϭ 72%, parasitoids leaving their natal Þeld ϭ 53%, spray threshold ϭ 1,100,000 hosts per Þeld, host mortality caused by insecticides ϭ 97%, and parasitoid mortality caused by insecticides ϭ 90%. At generation 500, 90% of Þelds were randomly designated as Bt Þelds, the generation counter was reset to zero, and the model was run for an additional 200 generations (generations followed by b). Regional parasitoid loss occurred in generation 30b. Figure 2 shows the spatial distribution of hosts and parasitoids for this simulation.
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erations of colonization with default parameters (see Materials and Methods) followed by 500 generations of equilibration with randomly drawn parameters (Fig. 1) . Before Bt Þelds were introduced, the number of individuals in the 9,000-ha region was Ϸ116 million for hosts and Ϸ75 million for parasitoids (Fig. 1A) . After 500 generations of equilibration, the generation counter was set to zero, and 90% of Þelds were randomly designated as Þxed Bt Þelds (Fig. 1) . Introduction of 90% Bt Þelds caused a sharp decline in regional host and parasitoid abundance (Figs. 1 and 2B and G). The parasitoid was lost from the region in generation 30 (Figs. 1 and 2GÐJ ). Although introduction of 90% Þxed Bt Þelds lowered host density in the region (which includes Bt and non-Bt Þelds), the associated loss of parasitoids caused a doubling of host density in non-Bt Þelds (from 120,000 hosts per Þeld before the introduction of Bt Þelds to 250,000 hosts per Þeld in generation 30).
Parasitoids were lost from the region after Bt crops were introduced because much of the region was unsuitable for the host and parasitoid (e.g., Fig. 2B and G). Spatial isolation between non-Bt Þelds often prevented parasitoids from recolonizing them. Parasitoids were lost from non-Bt Þelds because of (1) a lack of hosts caused by high host mortality inßicted by parasitoids or insecticides and (2) high mortality of the parasitoid from insecticides.
Parasitoid Versus Host Loss. The host was not lost before the parasitoid in any of the simulations (n ϭ 13,524). Regional loss of the parasitoid occurred in 36% of the simulations. Regional loss was more common for the parasitoid than the host because the host could reproduce in all non-Bt Þelds, but the parasitoid could reproduce only in non-Bt Þelds with sufÞciently high host density. In addition, insecticide in non-Bt Þelds was applied in response to high host density, but independent of parasitoid density. Consequently, insecticide was often applied when parasitoid density was low, contributing to regional parasitoid loss.
Regional loss of the host after loss of the parasitoid occurred in 1,629 simulations (12% of all simulations or 33% of simulations in which the parasitoid was lost Þrst). For these simulations, parasitoid loss was likely caused by declining host populations. Factors favoring regional host suppression in the absence of a parasitoid include high abundance of a Bt crop, high host movement, and low host reproductive rate (Carriè re et al. 2003) .
Effects of Percentage of Bt Fields and Temporal Field Distribution. As the percentage of Bt Þelds increased, regional parasitoid loss was more likely (Fig.  3 ) and occurred faster (Fig. 4A) . Regional parasitoid loss also was more likely and occurred faster with rotated Þelds than with Þxed Þelds (Figs. 3 and 4A) . The percentage of simulations with regional parasitoid loss ranged from 0.4% with no Bt Þelds to 99% with 90% rotated Bt Þelds (Fig. 3) .
For simulations in which regional parasitoid loss occurred, the number of generations required for regional parasitoid loss (mean Ϯ SD) ranged from 90 Ϯ 73 with no Bt Þelds to 14 Ϯ 15 with 90% rotated Bt Þelds (Fig. 4A) . For simulations in which regional parasitoid loss was followed by regional host loss, the number of generations between parasitoid and host loss ranged from 79 Ϯ 61 with 50% Þxed Bt Þelds to 30 Ϯ 33 with 90% rotated Bt Þelds (Fig. 4B) .
As Þeld types were rotated more often, the probability of regional parasitoid loss increased (Fig. 5) . For example, with 70% Bt Þelds, regional parasitoid loss was 2.4 times as likely when Þelds were rotated every generation (88%) versus every Þve generations (36%).
For simulations in which the host and parasitoid persisted for 200 generations, host abundance in non-Bt Þelds at the end of that period increased as the percentage of Bt Þelds increased and parasitoid abundance in non-Bt Þelds decreased (Fig. 6 ). This suggests that the effectiveness of biological control in refuges decreased as the abundance of Bt Þelds increased, even when the host and parasitoid persisted.
Effects of Life History Traits. We examined the role of life history parameters for simulations in which the host persisted and regional loss of the parasitoid occurred (parasitoid loss only) with 90% Þxed Bt Þelds and 70% rotated Bt Þelds. These combinations of regional abundance of Bt crops and temporal Þeld distribution were chosen because each yielded Ϸ50% of simulations with host persistence and regional parasitoid loss (Fig. 3) . 
A. Fixed fields

Bt fields (%)
Simulations with regional parasitoid loss (%) Fig. 3 . Effects of the percentage of Þelds planted to a Bt crop on regional parasitoid loss. The percentage of simulations in which regional parasitoid loss occurred with (A) Þxed Þelds and (B) rotated Þelds. We differentiated between simulations in which regional parasitoid loss was followed by regional host loss (parasitoid loss followed by host loss) and simulations in which the host persisted and regional parasitoid loss occurred (parasitoid loss only). We ran 13,524 simulations (6,189 with Þxed Þelds, 6,114 with rotated Þelds, and 1,221 with no Bt crops). 
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Parasitoid loss was most likely with the lowest parasitoid attack rate and the lowest host reproductive rate (Fig. 7) . The effect of parasitoid attack rate was stronger for 70% rotated Bt Þelds than for 90% Þxed Bt Þelds ( Fig. 7A and B) . The effect of host reproductive rate was generally similar for both Þeld distributions examined, with parasitoid loss least likely at intermediate host reproductive rates ( Fig. 7C and D) . With 70% rotated Bt Þelds, an intermediate host reproductive rate (r ϭ 4) resulted in lowest parasitoid loss for two reasons. First, with low host reproduction, host populations did not recover quickly enough from insecticide treatment or parasitoid attack for parasitoids to persist in those Þelds. Second, non-Bt Þelds were treated with insecticide more often when host reproduction was high, which increased parasitoid loss (see Effects of Insecticide).
The effects of parasitoid movement depended on temporal Þeld distribution. With Þeld types Þxed, regional parasitoid loss increased as parasitoid movement increased (Fig. 8A ). This occurred because parasitoid population growth rate decreased as more parasitoids moved from non-Bt Þelds to Bt Þelds (e.g., Carriè re et al. 2003 Carriè re et al. , 2004 . With Þeld types rotated, variation in parasitoid movement did not have a strong or consistent effect on regional parasitoid loss (Fig.  8B) . Likewise, variation in host movement did not have consistent or strong effects on regional parasitoid loss ( Fig. 8C and D) . Generations between field rotation Simulations with regional parasitoid loss (%) Fig. 5 . The effect of the number of generations between rotation of Þelds on the percentage of simulations that resulted in regional parasitoid loss when 70% of Þelds were planted to Bt crops. Simulations with Þeld locations Þxed for the entire simulation are also shown. We differentiated between simulations in which regional parasitoid loss was followed by regional host loss (parasitoid loss followed by host loss) and simulations in which the host persisted and regional parasitoid loss occurred (parasitoid loss only). Effects of Insecticide. With Þeld types Þxed or rotated, regional parasitoid loss was more likely as spray threshold decreased, although this effect was stronger when Þelds were rotated ( Fig. 9A and B) . Variation from 90 to 100% of hosts killed by insecticide had little effect ( Fig. 9C and D) . With Þeld types Þxed or rotated, regional parasitoid loss was more likely when parasitoid mortality caused by insecticide was 90 Ð100% than when it was 0% ( Fig.  9E and F) .
A. Host abundance
Discussion
The results show that specialist parasitoids of pests targeted by Bt crops might be lost from large cropgrowing regions under some conditions. The results suggest that the impact of Bt crops on specialist parasitoids depends on the percentage of Bt Þelds (Fig. 3) , temporal Þeld distribution (i.e., Þxed or rotated; Fig.  3 ), life history traits of the host and parasitoid (Figs. 7 and 8), and insecticide use (Fig. 9 ). Here we discuss the implications of the differences between the simple assumptions of our model and actual conditions in the Þeld. We assumed that the parasitoid attacked only the pest targeted by the Bt crop, but even parasitoids with narrow host range often attack more than one host. For example, the parasitoid Cardiochiles nigriceps Viereck (Hymenoptera: Braconidae) attacks Heliothis virsecens (Fabricius) (Lepidoptera: Noctuidae), the pest targeted by Bt cotton in the southeastern United States, and H. subflexa (Guené e), which eats weeds commonly found in agricultural Þelds or disturbed areas (Sisterson and Gould 1999) . In cases like this, exploitation of an alternate host that eats plants other than Bt crops should favor parasitoid persistence even with high adoption of Bt crops. In other cases, generalist parasitoids may attack multiple hosts that eat a Bt crop. For example, the parasitoid Cotesia flavipes Cameron (Hymenoptera: Braconidae) attacks several stemborer species that are potential targets of Bt corn in Africa (Mwangi and Ely 2001, Zhou et al. 2003) .
The chances of regional parasitoid loss depended on the relative abundance of Bt crops (Fig. 3) . Mandated refuge sizes vary by crop and region. For example, growerÕs can plant only 50% of their acreage to YieldGard corn in the southeastern United States (Monsanto 2005a). In contrast, up to 95% of a cotton growerÕs acreage can be planted with Bollgard cotton (Monsanto 2005b (Carriè re et al. 2005) . Because abundance of Bt crops is highly variable, specialist parasitoids of target pests may be strongly affected in some regions and not in others. Thus, such parasitoids might be temporarily lost from some portions of their range while persisting elsewhere.
For generalist herbivores, the habitat may rarely, if ever, consist of a high proportion of Bt crops, even if the adoption rate is high for one Bt crop. For example, in some parts of China, all of the cotton acreage is planted with Bt cotton to control the polyphagous pest Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) (Wu et al. 2004) . Resistance concerns are mitigated because other nearby crops such as non-Bt corn support large H. armigera populations (Wu et al. 2004) . Thus, if non-Bt corn makes up a substantial portion of the habitat, specialist parasitoids of H. armigera may not be affected much by Bt cotton. The situation seems to be different with Ostrinia nubilalis (Hü bner) (Lepidoptera: Pyralidea), a polyphagous pest targeted by Bt corn. In the northeastern United States, alternate hosts occur but do not yield many O. nubilalis . Thus, specialist parasitoids of O. nubilias might be affected by large-scale planting of Bt corn, despite the wide host plant range of this pest.
We assumed that Þeld types were Þxed for an entire simulation or randomly reassigned every one to Þve generations. The actual temporal distribution of Bt and non-Bt Þelds falls between these assumptions. In a 2-yr period in Arizona, for example, Ϸ10% of Bt and non-Bt cotton Þelds had been planted with the other type of cotton in the previous year, and Ϸ40% of cotton Þelds had been planted with a crop other than cotton or left fallow in the previous year (M.S.S., unpublished data). Thus, Þeld types do not remain constant year after year nor are they randomized periodically. The effect on regional parasitoid loss of the actual temporal distribution of Þeld types would likely be intermediate between our Þxed and rotated scenarios.
We assumed that once a parasitoid entered a Bt Þeld it remained in that Þeld. If parasitoids leave Bt Þelds after a short period with a low host encounter rate, regional persistence is likely to be higher than that seen in our model. Studies assessing the time parasitoids spend in Bt Þelds before leaving are needed to fully understand effects of Bt crops on parasitoids. In addition, we assumed that parasitoids that moved out of the region were lost from the system and that there was no movement into the region. Movement of parasitoids into the region from areas outside of the region would increase parasitoid persistence. Our model tracked only population dynamics. Thus, hosts could not evolve resistance to Bt toxins. Delayed pest resistance to Bt crops is a reasonable assumption because Þeld-evolved pest resistance to Bt crops has not been documented after Ͼ7 yr of widespread use of Bt crops . If the host evolved resistance to a Bt crop before regional parasitoid loss, the risk of parasitoid loss would be reduced if the parasitoid survived in resistant hosts that ate Bt plants. Although we are not aware of relevant data for parasitoids of pests targeted by commercially grown Bt crops, the parasitoid Cotesia plutellae Kurdjumov (Hymenoptera: Braconidae) survived on resistant larvae of Plutella xylostella L. (Lepidoptera: Pluté llidae) that had eaten Bt toxins Tabashnik 1997b, Schuler et al. 2004) .
Several studies have compared the abundance and activity of parasitoids in Bt and non-Bt Þelds with conßicting results (no effect: Orr and Landis 1997 , Jasinski et al. 2003 , Venditti and Steffey 2003 ; decreased abundance or parasitism rate in Bt Þelds: Pilcher 1999 , Siegfried et al. 2001 Bourguet et al. 2002 , Manachini 2003 , Manachini and Lozzia 2004 , Steffey et al. 2004 . However, if a Bt crop produces toxin that kills the target pest, lower parasitoid abundance or activity in Bt Þelds relative to non-Bt Þelds is not surprising. A more relevant comparison is the activity and abundance of parasitoids in non-Bt Þelds in areas where use of Bt crops is low versus high (e.g., Fig. 6B ). Such comparisons can be made by estimating the relative abundance of Bt crops (e.g., Carriè re et al. 2003 Carriè re et al. , 2004 .
Our results apply only to the 9,000-ha regions that we modeled but do not rule out the possibility that parasitoids could be lost over larger areas. If traditional integrated pest management programs were ineffective at controlling the pests targeted by Bt crops, would loss of the pestsÕ specialist parasitoids be an acceptable trade-off with the beneÞts provided by Bt crops? This issue is complicated because many of the potentially affected parasitoids are not native species. For example, the parasitoids Macrocentrus cingulum Brischke (Hymenoptera: Braconidae) and Eriborus terebrans Gravenhorst (Hymenoptera: Ichneumonidae) were released in the United States through a classical biological control program to control O. nubililas, a pest introduced to the United States (Brindley and Dicke 1963) . Consequently, the loss of these parasitoids might be acceptable in the United States, but perhaps not in their area of origin. If the goal is to conserve certain natural enemies, models such as ours may help to identify those at risk and to develop plans to mitigate that risk. Our results suggest that risk of regional parasitoid loss can be reduced by increasing the percentage of refuge Þelds, Þxing refuge locations, and increasing the insecticide spray threshold for target pests in refuges.
